Background Atypical haemolytic uraemic syndrome (aHUS) is a rare, potentially life-threatening condition caused by dysregulation of the complement pathway. Eculizumab is currently the only approved treatment for this disorder. Objective Our objective was to investigate the impact of early administration of eculizumab on inpatient resource use and hospitalisation costs in 222 patients with aHUS. Methods We conducted a retrospective analysis of the Premier Perspective ® Hospital Database, including patients with a diagnosis of aHUS and evidence of eculizumab use for aHUS. Early initiation was defined as having received eculizumab within 7 days of admission, with late initiation defined as starting eculizumab on day 8 or later. This date represents the average time required to obtain a specific diagnostic test to discriminate aHUS from a similar haemolytic syndrome that requires a different treatment. Outcome measures were time from first eculizumab initiation to discharge, discharge status or death, days spent in the intensive care unit (ICU), readmission indicators, dialysis indicators, and total hospital costs. Time from first eculizumab initiation to discharge was analysed using a generalised linear model with a log link and an assumed underlying negative binomial distribution. Logistic regression models were used to test the statistical significance of early versus late initiation as a predictor of the occurrence of readmissions, dialysis, and death. Total hospital costs were analysed using a generalised linear model with a log link and an assumed underlying gamma distribution. Results Before modelling, total length of stay and ICU duration were significantly longer for late initiators than for early initiators, and significantly more late initiators were readmitted within 90 days. Late initiation was associated with significantly higher hospital costs than early initiation. After multivariable analysis, late initiators were 3.2 times more likely to require dialysis. However, there was no significant association between early initiation and time to discharge, readmission, or death for any definition or early initiation after multivariable analysis. Estimated total hospital costs (year 2017 values) were $US103,557 in late initiators and $US85,776 in early initiators (p = 0.0024). Conclusion Initiation of eculizumab within 7 days of hospitalisation is associated with lower dialysis rates, less time in ICU, less plasmapheresis, and lower hospitalisation costs compared with late initiation.
Introduction
Thrombotic microangiopathies (TMAs) are a group of disorders characterised by thrombocytopenia and microangiopathic haemolytic anaemia [1] . The major TMAs include disseminated intravascular coagulation, thrombotic thrombocytopenic purpura (TTP), Shiga toxin-associated haemolytic uraemic syndrome (STEC-HUS), and atypical haemolytic uraemic syndrome (aHUS). These conditions can lead to ischaemic organ injury and dysfunction in numerous organs, including the brain, kidneys, heart, pancreas, liver, lungs, eyes, and skin. TTP and aHUS are clinically very similar in presentation but have very different aetiologies. TTP is caused by a congenital or acquired deficiency of an enzyme known as ADAMTS13 (a disintegrin and metalloprotease with thrombospondin type 1 repeats-13). Plasma exchange is the first line of treatment for TTP and can be life saving. In contrast, aHUS is a rare and potentially lifethreatening condition associated with TMA that results from dysregulation of the complement pathway, primarily affecting the kidneys [1, 2] . Patients with aHUS or TTP often present in the intensive care unit (ICU) for urgent specialist care. Historically, treatment for aHUS, as in TTP, involved plasma infusion or exchange, although, in stark contrast to TTP, there is little evidence for its efficacy [2] .
Although plasma exchange elicits a treatment response in approximately 70% of patients with aHUS [3] , outcomes are still very poor. In a French cohort, 29% of paediatric and 56% of adult patients either died or required renal replacement therapy within 1 year of disease manifestation [4] . In an Italian cohort, the 3-year proportion of patients with endstage renal disease or death was 48% and 67% in paediatric and adult patients, respectively [3] . Outcomes in patients with identified pathogenic variants tend to be worse.
Eculizumab is a humanised monoclonal antibody that binds to complement component C5, blocking its cleavage into C5a and C5b and preventing the formation of the terminal complement complex C5b-9, thought to be responsible for the endothelial damage and platelet activation underlying the pathology of aHUS [5] . A recent in vivo study in complement factor H mice implicated specific involvement of C5b-9 in driving the development of renal TMA [6] . At the time of this analysis, eculizumab was the only pharmacological treatment approved by the US FDA and the European Medicines Agency (EMA) for aHUS (recently, the FDA approved ravulizumab, a long-acting C5 inhibitor engineered from eculizumab, for aHUS). In clinical trials, eculizumab maintained haematological normalisation in over 80% of patients, demonstrating significant improvement in renal function (measured by estimated glomerular filtration rate [eGFR]) [7, 8] .
In a recent post hoc analysis of four phase II, open-label, single-arm, prospective clinical studies of eculizumab in aHUS, initiation of treatment within 7 days after manifestation of TMA symptoms was associated with significantly greater improvement in eGFR compared with later initiation [9] . Day 7 was chosen as the cut-off as it takes 3-7 days to obtain the results of the ADAMTS13 activity assay in most hospitals in the USA and Europe [10, 11] . After 1 year, mean change in eGFR from baseline was 57 mL/min/1.73 m 2 in patients treated within 7 days compared with 23 mL/min/ m 2 in those treated after 7 days (p = 0.0098). A sustained increase in eGFR after 1 year was observed in 81% and 47% of patients, respectively [9] . However, difficulties in reaching a diagnosis of aHUS result in delayed initiation of therapy and an associated impact on clinical outcomes, including mortality [12] . There is no definitive test for aHUS. Diagnosis is made by exclusion of other TMAs, particularly the exclusion of TTP using an assay to detect reduced activity of ADAMTS13, and STEC-HUS using assays for Shiga toxin resulting from Shiga-toxin-producing Escherichia coli infection [1, 2] .
Few studies have investigated the efficacy of eculizumab therapy from a real-world perspective [13, 14] . Based on results from these phase II studies [9] , we hypothesised that patients initiating eculizumab treatment on day 8 of their hospital stay or later would have greater consumption of inpatient resources and increased hospital costs than those who initiate therapy earlier. The objective of the present study was to evaluate the impact of early (< 8 days after hospital admission) versus late initiation of eculizumab for treatment of an aHUS form of TMA in hospitalised patients.
Methods

Study Design
This was a retrospective multivariable analysis using 'real-world' data from the Premier Perspective ® Hospital Database. This database contains data from over 350 million patient encounters (one-fifth of hospital discharges in the USA) including data from standard hospital discharge files, including a patient's demographic and disease state, and information on billed services, including medications, laboratory, diagnostics and therapeutic services in de-identified patient daily service records. Information on hospital characteristics, including geographic location, bed size and teaching status are also available. All resource usage and cost data used in this study were obtained from the Premier Perspective ® Hospital Database. All data used to perform this analysis were de-identified and accessed in compliance with the Health Insurance Portability and Accountability Act. Medical charts and treatment decisions were not specifically reviewed.
Patients
Patients included in the analysis had inpatient hospitalisation recorded in the Premier Perspective ® Hospital Database between October 2011 and March 2016 with (1) a diagnosis code for HUS (International Classification of Diseases, Ninth Revision, Clinical Modification [ICD-9-CM] 283.11 or ICD-10 D59.3) and/or TMA (ICD-9, 446.6; ICD-10, M31.1) and (2) evidence of eculizumab use in this context while hospitalised, as there is no separate diagnostic code for aHUS. Unlike TTP, marked renal disease is a characteristic manifestation of aHUS. Records of patients without one of these conditions were reviewed manually by one of the authors (a clinical expert haematologist) who has published extensively on the diagnosis and treatment of thrombotic microangiopathies, including aHUS and TTP to corroborate the probable diagnosis of aHUS in the eculizumab-treated individual.
Patients who received eculizumab in an outpatient setting within the 6 months preceding the index hospitalisation (washout period) were excluded, as were those with evidence of current or previous bone marrow transplant or HIV/AIDS and STEC-positive patients.
Variables of Interest
The reference timepoint was day of hospital admission. The independent variable in the analysis was time of eculizumab initiation. Based on a pooled analysis of eculizumab clinical trial data [9] , early initiation was defined as having received eculizumab within 7 days of admission, with late initiation defined as starting eculizumab on day 8 or later. Patients were grouped as early or late initiators of eculizumab after the diagnosis of aHUS had been confirmed. The model identified dependent variables that could impact on time of eculizumab initiation. To understand factors affecting initiation, the role of disease severity and key patient characteristics was evaluated. These variables were decided based on disease relevance and clinical importance. Pre-defined confounders used in modelling were patient characteristics (age, sex, race), hospital characteristics (urban/rural, teaching status) and comorbidities (Elixhauser score). Chronic conditions were defined using the Elixhauser Comorbidity Index (ECI), which is based on 31 categories of comorbidities associated with mortality (e.g. congestive heart failure, hypertension, diabetes, renal failure, liver disease, metastatic cancer). A composite ECI score has a potential range of 0-31 [15] . When modelling total costs, length of stay (including time in ICU) was included because of the inherent bias in the definitions of early and late initiation. As late initiators of eculizumab treatment have an inherently longer length of stay (as they are in hospital for 8 days before being considered a late initiator), length of stay was controlled for when modelling costs.
Outcome measures in the analysis were related to resource utilisation and included time (in days) from first eculizumab initiation to discharge, discharge status of in-hospital death, days spent in ICU, readmission indicators (readmission was defined as admission after being discharged), dialysis indicators (identified by procedure code), and total hospital costs ($US, year 2017 values). Univariate comparison for continuous variables was conducted using a t test and for categorical variables, a chi-squared test.
Multivariable Analysis
Time from first eculizumab initiation to discharge was analysed using a generalised linear model with a log link and an assumed underlying negative binomial distribution. Logistic regression models were used to test the statistical significance of early versus late initiation as a predictor of the occurrence of readmissions, dialysis and death. Total hospital costs were analysed using a generalised linear model with a log link and an assumed underlying gamma distribution. In all the varying definitions of early versus late, modified Park tests were run to test whether the power of the mean (ln(p)) was different than 2, which would imply the gamma distribution was not appropriate. In Table 1 in the Electronic Supplementary Material (ESM), all estimates are between 2.5 and 2.7, with the confidence bounds including 2. From these results, we assumed the gamma distribution would be appropriate for these models. We conducted a sensitivity analysis in which the definition of early initiation of eculizumab was varied from 3 to 10 days and the day of initiation of eculizumab was modelled as a continuous variable. Least squares mean estimates were generated for multivariable estimates of total costs. In total, 222 patients meeting the clinical inclusion criteria were included in the analysis ( Fig. 1 ). Of these, 72 (32.4%) were early initiators and 150 (67.6%) were late initiators. Demographic characteristics of the included patients are shown in Table 1 .
Univariable analysis of hospital visit characteristics for early and late initiators are shown in Table 2 . Univariate comparison for continuous variables was conducted using a t-test and, for categorical variables, a chi-squared test. The total hospital length of stay and ICU duration were significantly longer for late initiators than for early initiators (mean 29.0 vs. 16.4 days [p < 0.001] and 12.4 vs. 8.9 days [p = 0.047], respectively), and significantly more late initiators were readmitted within 90 days of initial hospitalisation (36.7% [n = 55/150] vs. 22.2% [n = 16/72]; p = 0.031). There was a numerically higher percentage of deaths with late initiation (10.7% [n = 16/150] vs. 6.9% [n = 5/72]), although cause of death was not recorded. Mean time to discharge after eculizumab initiation was similar in the two groups (11.6 vs. 11.0 days), and most patients were discharged within 15 days ( Fig. 1 in the ESM) . The overall distribution of hospital costs is shown in Fig. 2 in the ESM. Late initiation was associated with significantly higher total hospital costs than early initiation ($US143,580 vs. 87,386, respectively; p = 0.001) ( Table 2 ). Furthermore, significantly more late initiators received dialysis and plasmapheresis before starting eculizumab compared with early initiators, and late initiators spent significantly more time receiving plasmapheresis before starting eculizumab (Table 3 ).
In the multivariable regression analysis, late initiators were 3.2 times more likely to have dialysis during their hospital visit (95% confidence interval 1.4-7.3) ( Table 4 ). Estimated total hospital costs (least squares mean) were $US103,557 in late initiators and $US85,776 in early initiators (p = 0.0024). There were no differences between early and late initiators in time from first eculizumab dose to discharge and, unlike in the univariable analysis, there was no difference between the two groups in inpatient readmissions or deaths.
When the definition of early initiation of eculizumab was varied from ≤ 3 to ≤ 10 days, early initiation was significantly associated with reduced need for dialysis for all definitions and with reduced costs for all definitions of early initiation except ≤ 10 days ( Table 2 in the ESM). There was no significant association between early initiation and time to discharge, readmission, or death for any definition or early initiation. 
Inpatient visits in Premier
Discussion
The results of this analysis indicate that hospitalised patients with aHUS who initiate eculizumab more than 7 days after admission have worse economic outcomes than those who initiate eculizumab within 7 days. These results are consistent with those from other research with eculizumab in patients with aHUS [9] . Notably, late initiators had a longer length of ICU stay and overall hospital stay than did early initiators. As a result of these differences between the two groups, late initiation incurred a significantly greater total hospital cost than early initiation. In multivariable analysis, the difference in hospital costs remained significant, late initiators having estimated total hospital costs (least squares mean) that were $US17,781 higher than those of early initiators. The multivariable regression analysis also confirmed that late initiators were three times more likely to require dialysis during their hospital stay than early initiators. A previous cost analysis of eculizumab therapy compared with plasma therapies for a recurrent episode of aHUS showed that the difference in cost between eculizumab and plasma therapies varied significantly according to the weight of the individual and the frequency of maintenance plasma therapy [16] . Furthermore, the additional cost related to 3 months of eculizumab treatment, particularly in patients weighing > 40 kg, was similar to the cost saving accrued by rescuing a renal allograft from early failure. Overall, the authors of that study concluded that short-term eculizumab is the most cost-effective strategy to treat aHUS recurrence [16] . This paper further adds to the literature by confirming, in a real-world setting, the benefit of eculizumab therapy from 1. We propose education of health professionals that an early, accurate diagnosis is critical, not only in terms of reducing time on dialysis and improving outcomes but also in terms of total hospital costs. 2. We recommend testing for ADAMTS13 activity and inhibitors as soon as TMA is suspected. For larger hospitals and particularly tertiary care centres, we recommend moving ADAMTS13 testing in-house wherever possible to reduce the waiting times for results from > 4-7 days to within 1 day [10, 11] . 3. We recommend hospital plasmapheresis directors be educated as to the need to obtain ADAMTS13 testing, as the results of this test informs the necessity for plasma exchange or infusion, which are costly and may be unnecessary. 4. As is current practice at some institutions, we propose that larger hospitals have established TMA teams with physicians drawn from a variety of pertinent subspecialties, particularly haematology/oncology, nephrology, rheumatology and obstetrics, with expertise in the diagnosis of aHUS.
The main strength of this study is that it is the largest analysis conducted so far to address the issue of whether early initiation of eculizumab is associated with less resource use and lower costs compared with later initiation. It is possible that a different cut-off point for early versus late initiation might alter the results. The cut-off of 7 days was chosen based on data showing that initiation within 7 days was associated with improved eGFR compared with later initiation [9] . This cut-off also accounts for the time needed to receive ADAMTS13 results to rule out TTP. However, ideally, ADAMTS13 results should be available much more quickly to facilitate fast, appropriate management, as the test itself takes only a few hours. The main limitation is that because this was a relatively small sample, not all comorbidities could be added to the analysis, therefore a comorbidity (Elixhauser) score, based on 31 comorbidity categories (including congestive heart failure, hypertension, diabetes, renal failure, liver disease, metastatic cancer) was used as a surrogate. It is possible that several comorbidities serving as possible triggers for aHUS (e.g. autoimmune disease, pregnancy and cancer chemotherapy [17] ) may have been confounding factors that could not be assessed in this study. Additionally, as this was a retrospective review of data from a resource utilization database, we cannot exclude the possibility of disease severity having an impact on the results. We assumed that disease severity was evenly distributed among early and late initiators of eculizumab, but we cannot rule out the possibility that more patients with severe disease could have been included in the early initiators group. The factors that contributed to early versus late initiation decisions were determined by the treating physician, and these data were not available in the database. Treatment decisions were not specifically reviewed, nor were medical charts as this was not the purpose of the analysis. Finally, this was a retrospective analysis of a claims database and, therefore, clinically important parameters (such as renal function, weight, etc.) are unavailable as the database is not designed for clinical research. Thus, information on patient characteristics is therefore somewhat limited.
Conclusion
Early initiators of eculizumab (within 7 days of hospital admission) had significantly lower rates of dialysis during their hospital stay than late initiators. Total hospital costs were significantly higher for late initiators than for early initiators, and they spent significantly more time in the ICU and received more plasmapheresis therapy before starting eculizumab than early initiators. highlighted in this manuscript. The datasets generated are not publicly available because of their proprietary nature.
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